Abstract. The first-return times in the dynamics of a three dimensional pile of rice are measured. Furthermore, the 1/f a exponent of the avalanche dynamics is determined. These quantities taken together, are used to check general scaling relations for systems with extremal dynamics exhibiting self-organized criticality. We find that τ f irst = 1 + a. Furthermore, we discuss the relation of the 1/f a exponent to the roughening of the pile surface.
Introduction
Most non-equilibrium systems have a dynamics governed by avalanches or bursts of activity. The ubiquitous 1/f a noise is an aspect of this intermittent dynamics. In order to understand the origins of the universal nature of this behavior, Bak, Tang and Wiesenfeld introduced the concept of self-organized criticality (SOC) [1] . While many natural systems indeed exhibit power-law behavior in their intermittency, it is far from obvious that SOC lies behind these phenomena. Simple power-law behavior can also arise from models not connected to SOC [2, 3] , while additional properties are predicted by even the simplest theories of SOC [1] . It is therefore necessary to test further predictions of SOC in both specifically designed experiments on model systems and natural phenomena. Many of the detailed properties of the critical state of systems with extremal dynamics are, however, unattainable for measurements in natural systems. One instance that is attainable from natural systems and designed experiments alike is the distribution of waiting times between avalanches. For example, the waiting time distribution between earthquakes has been studied in great detail by many different authors [4, 5, 6, 7] . Similarly, it has recently been argued that the distribution of rainfall indicates SOC in the earth's climate system [8] . In that case, the distribution of drought times is measured, which can be directly related to the distribution of first-return times discussed here. Due to the amount of information encompassed in the rain data, a connection of the 1/f a noise to the drought times via seems possible as well, see below. Furthermore there are detailed theoretical predictions of the scaling a Present address: Fachbereich Physik, Universität Konstanz, Box M560, 78457 Konstanz, Germany properties of waiting times, also relating them to other phenomena, such as 1/f a noise [9] . By testing these properties in a system which has been shown to observe the more stringent criteria of SOC, the assumption of SOC in natural systems obeying the same scaling laws can be put on somewhat firmer ground.
Here we study the distribution of waiting times between avalanches in a three dimensional pile of rice. The waiting times then are simply defined as the time passing between two subsequent bursts of activity. Given such an extended system the waiting times at one location, or first-return times, can be measured, which are usually determined in natural systems or numerical simulations as well. For a system with extremal dynamics, the waiting time distributions are closely related to the avalanche dynamics. As was derived by Paczuski et al. [9] , as well as Lowen and Teich [10] , the 1/f a exponent as given from the power-spectrum of the temporal evolution of the avalanche sizes determines the exponent of first-return time distribution, τ f irst , given by
For a Markovian process, however, τ f irst ≃ 1 would be expected [7] . What we are concerned with here, is a confirmation of these scaling properties for a system, which has been shown to exhibit many other features of extremal dynamics and SOC, such as finite size scaling in the avalanche size distribution [11, 12] , algebraic approach to the critical state [13] , and multiscaling in the temporal fluctuations [14] . Thus the observation of such scaling laws in natural systems, like earthquakes or the climate, would then give further weight to the conjecture of their SOC dynamics. Moreover, these is a connection between roughening physics and extremal dynamics [15] , which is established further here by a connection of the 1/f a exponent to the exponent describing the growth of the surface roughness [9] .
From an empirical point of view, such a connection can also be inferred from previous studies of the distribution of waiting times or persistence in roughening systems. There, it has been found that such systems as the combustion front of burning paper [16] show a relation between the persistence and the roughening exponent of the interface similar to Eq. 1 [17] . Likewise, the surface fluctuations of an Al surface have been recently shown to be related to the persistence of activity in the same quantitative way [18] . The most direct indication of the relation of SOC dynamics with roughening physics however, comes from the three dimensional rice-pile studied here. It has been shown [11] that the roughness of the pile's surface can be quantitatively related to the avalanche distribution and the avalanche dimension.
Experimental setup
The experiments discussed here were carried out on a rice-pile with a base area of 1 x 1 m 2 , described in detail elsewhere [11, 19] . The rice grains are anisotropic with an average size of 7 x 2 x 2 mm 3 and the pile is grown uniformly on a line, such that a prism shape results in the end. The surface coordinates are measured using a custom-built system based on the projection of parallel lines, which are used as height lines. Using a high resolution charge-coupled device camera (2048 x 1596 pixels) this method leads to an accuracy and resolution of 1-2 mm, comparable to the size of a grain of rice. An experiment consists of ∼ 400 images taken at intervals of 30 s. During such a time step, ∼ 1500 grains are added to the pile, which corresponds to 1 or 2 grains being deposited at each point along the line of growth [11, 19] , thus constituting slow driving of the system. The data presented here are from 12 different experiments.
1/f noise
Given the pile surface coordinates from such a reconstruction, it is possible to study the avalanche behavior via the change in surface structure given by an avalanche. As discussed elsewhere [11] , the volume displaced in an avalanche is given by
where h(x, y, t) is the height of the surface at time t and ∆t is the length of a time step. This is valid when the average height change is small and only one or a very small number of avalanches passes between two images, as is the case in our experimental setup. For each of the experiments a time evolution of the avalanche size can thus be obtained. The power spectrum, S(f ),
allows one to determine the 1/f a exponent [1, 9] , provided there is a power-law dependence to the power spectrum. As can be seen in Fig. 2 , this is indeed the case for the ricepile data, which leads to a determination of a = 0.27(3). Fig. 2 . Power spectrum of the time dependence of the avalanche sizes, ∆V (t) (shown in Fig. 1 ), averaged over all 12 experiments. The power spectrum is given by a power law implying 1/f a noise in the data. The exponent obtained is a = 0.27(3), indicated by the straight line in the double logarithmic plot. This is in accord with the growth exponent β = 0.28(3) determined elsewhere [11] .
Another, less direct, way of establishing 1/f a behavior, which is commonly used in the literature, is via a Hurst-analysis [20] . Originally, this type of analysis was introduced to quantify the fluctuations in river heights. In that context, one studies the maximal extent of fluctuations in the river-height over a certain time interval, given by
Here, q(u) is given by the avalanche activity ∆V (t) and . τ denotes the average along the time interval τ . The ratio of this range R to the standard deviation of the influx over the same interval, S(τ ) = (∆V − Fig. 3 ), consistent with the directly determined value of a = 0.27(3). From the general point of view of systems with extremal dynamics, Paczuski et al. [9] have related the 1/f a exponent to the fractal dimension of the avalanches and the dynamic exponent. The avalanche exponents can in turn be directly related to the exponents characterizing the roughness of the pile surface [9, 11] . Here we give a brief argument, which directly makes the connection with the roughness. For a self-affine surface, the width grows as t β , where β is called the growth exponent [21] . In a rice pile, the growth of the width is due to the passing of avalanches and is proportional to the size of such an avalanche. From the fact that the activity shows 1/f a behavior, we know that the activity is distributed along the time axis as a fractal described by the 1/f a exponent. Thus the average activity (and hence the width of the surface) grows as t a . This means that a = β, which Paczuski et al. have derived from more general arguments [9] . In an earlier characterization of the same rice-pile surface studied here, the growth exponent was determined directly and found to be β = 0.28(3) [11] , in excellent agreement with the expectation a = β, due to the theory of extremal systems.
Waiting times
In order to measure the waiting time distribution functions, the activity of the pile has to be recorded as a function of position. In order to determine when an avalanche has passed at a certain place a threshold has to be chosen, below which the activity is explicitly set to zero. The results presented below are obtained using a height difference between time steps of 4 mm, or two rice grains as a threshold, averaged over a local area of 10x10 mm 2 . This corresponds to roughly twice the resolution, such that it can be argued that this threshold constitutes a 95% confidence level for the passing of activity. In order to check the results for consistency, we also used different thresholds with the same results. Thus for every point of the pile, this leads to an activity as a function of time given by the cumulation of the absolute values of the height change passing the threshold of 4 mm. Fig. 4 shows an example of the activity in the bottom left corner of the pile. Note that here the activity is explicitly set to zero if the threshold is not surpassed. The waiting times between avalanches are then obtained from the duration of the plateaux in this local activity. A histogram of these waiting times subsequently gives the first return time distribution, P f irst (t), which is a measure of the probability of a waiting time between two avalanches at a certain point. An average over these first return distributions over . For a good curve collapse, we obtain z = 0.30 (5) and τ f irst = 1.22 (3) . This is to be compared to the prediction of τ f irst = 1 + a = 1.27 (3) .
the whole of the pile is shown in Fig. 5(a) . As can be seen the probability distribution is a power-law over more than a decade, up to a cut-off time at a waiting time corresponding to about 50 time steps. This cut-off time is due to the limited time of the experiment, as is shown by the finite duration scaling plot shown in Fig. 5(b) , where the first-return distributions are shown for three different experiment durations (T = 40, 100, 200, and 400 time steps). In order to obtain a good curve collapse of the data, the first-return times are scaled by T z and P f irst is scaled by t τ f irst w , where z = 0.30 (5) . Note here that as is the case in usual finite size scaling collapse, the exponent z gives a measure of the fractal dimension of the activity along the time direction. This however has been previously identified with the 1/f a exponent a [9] . Indeed, the value leading to best curve collapse, z = 0.30 (5) is in good agreement with a = 0.27(3) determined from the power spectrum above. Using a curve collapse, we can also obtain an accurate determination of the exponent characterizing the distribution, τ f irst = 1.22 (3) . This is in agreement with the expectation of τ f irst = 1 + a = 1.27(3), which can be obtained from the fact that the number of avalanches in an interval of length T must scale as T a due to the fractal activity pattern observed in the power spectrum above. The number of avalanches in a time interval is simply given by the length of the interval divided by the average waiting time, which in turn can be obtained from an integral of P f irst , thus
and hence P f irst (t) ∝ t −(1+a) , which has been derived by Paczuski et al. from the dynamics of extremal systems [9] .
Discussion and conclusions
In conclusion, we have determined the probability distribution for the waiting times between avalanches in a three dimensional pile of rice as well as the power spectrum of the avalanche activity. These constitute the distributions of first-and all-return times, which are intimately connected to the 1/f a noise character in systems with extremal dynamics. Furthermore, we independently determine the 1/f a exponent from the time dependence of the avalanche size, in order to check the scaling relation between the return time exponent and the 1/f a exponent. Experimentally we find Paczuski et al.'s scaling relations (Eq. 1) to be fulfilled, given the values of a = 0.27(2), τ f irst = 1.22 (3) . Furthermore, the cut-off in the waiting-time distributions due to the finite duration of the experiment scales with the experiment duration as T z , where z = 0.30 (5) is a measure of the fractal dimension along the time direction and is in good agreement with the 1/f a exponent. Thus, power-law distributed avalanches may not be the only features of natural SOC systems that can be observed. In fact, previous studies on the return time distributions of earthquakes in California have found values of τ f irst ≃ 1.5 [4, 22] , whereas others have found τ f irst ≃ 1.1 [6, 7] . Similarly, estimates of the 1/f a exponent for earthquakes range from a ≃ 0.5 [23] to a = 1.3 [7] . Thus, one set of experiments is in agreement with Eq. 1, whereas another isn't. In the case of the distribution of rainfall, there has been a recent study of the area over the Baltic sea, where the distribution of drought times was determined in addition to a Hurst analysis of the rainfall distribution [8] . Using the relation between the 1/f a exponent and the Hurst exponent, these data can be used to test the climate system for extremal dynamics. With their Hurst exponent of H = 0.76, one predicts a drought distribution exponent of τ f irst = 1.52, which is in reasonable agreement with the experimental value of τ D = 1.42 [8] . As a final example, we mention turbulent transport in plasmas, where the fluctuations have also been found to be of the 1/f a type, both in experiments on tokamak plasmas [24] as well as in measurements of solar activity [25] . Again, the return-, or quiet-, times have been observed in the experimental system [26] and follow a power-law distribution. As is the case for the rain distribution data, the observed Hurst-exponent of H ≃ 0.7 [24] , again in agreement with the observed quiet-time exponent τ q ≃ 1.4 [26] . Note however, that the authors only took into account long bursts in the analysis of the quiet-time distribution. Moreover, power-law behavior of the waiting times between solar flares has been observed as well [27] .
In addition, through the relation a = β, predicted from extremal dynamics, the 1/f a exponent of the rice avalanches is found to reproduce the roughness exponent β of the pile surface, which was determined independently elsewhere [11] . This shows once more the intimate connection between roughening physics and SOC [15, 28, 29] . When the SOC model exhibits extremal dynamics, the corresponding roughening model is that of an interface in a random medium, driven at a constant speed [30] . This mapping was illustrated experimentally using the scaling relations between the avalanche dimension and the roughness exponent [11, 31] . It has however also been shown directly by exact mappings between variants of the KPZ equation to some SOC models, most notably for our case, the quenched Edwards-Wilkinson equation has been mapped on the Oslo model, which is used to describe a one dimensional rice-pile [32] . In these mappings, the nature of the noise in the differential equation is of vital importance and mostly fixes the corresponding SOC model (and hence the universality class) [33] . The scaling laws discussed here belong to a set of super-universal scaling laws, which are fulfilled in all SOC models [9] . In this context, it is interesting to note that some of the above scaling relations have very recently been observed in a simple roughening system, namely the combustion front of a burning sheet of paper [17] .
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